INTRODUCTION
In recent years, the deposition of thin films has permitted the development of numerous applications in important domains such as optical communications, optical microscopy, and photovoltaics [1, 2] . In the field of sensor research, the development of the first surface plasmon polariton resonance-based sensor in 1982 was a scientific breakthrough [3] . It used the Kretschmann-Raether configuration [4] (see Fig. 1(a) ), which basically consists of an optical prism on which a 56-nm-thick silver coating had been deposited. This setup permits surface plasmon polaritons to be generated at the metal-dielectric interfaces and to couple light at specific wavelength ranges. For this reason, this phenomenon is called surface plasmon polariton resonance or, for the sake of simplicity, surface plasmon resonance (SPR). The position of the resonance in the spectrum is very sensitive to the thin-film thickness and to the surrounding medium. If a layer sensitive to biological or chemical species is set on top of the metallic layer, then a biosensor or a chemical sensor is obtained [5] . In view of these interesting properties, the number of publications has increased exponentially, especially for detecting chemical and biological species [6, 7] , and there are some companies exploiting these devices especially for biosensing (Biacore http://www.biacore.com, Bionavis http://www.bionavis.com, and Xantec Bioanalytics http://www.xantec.com/).
Unfortunately, the sensitivity limit for SPR sensors seems to have been attained [8] . However, there is still another phenomenon that can be obtained with the Kretschmann configuration. In the same year as the first SPR sensor was developed, it was proved using a dielectric waveguide with a semiconductor waveguide clad that attenuation maxima in the transmission spectrum could be obtained for specific thickness values of cladding [9] . 
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On this basis it was proved later that it is possible to obtain a sensor for humidity, water, and alcohol vapor, or even n-heptane and iso-octane vapors, by using an anisotropic polymer deposited on a waveguide [10] [11] [12] . The basic principle of the measurements was to record the phase shift between the two index-matched modes after propagating through the waveguide.
However, the previous technique does not use a wavelength-based detection system, an idea explored in 1993 by Marciniack [13] . In that publication the lossy-mode resonances (LMRs) were observed with a wavelength sweep and explained as a coupling between dielectric waveguide modes and a lossy mode (a guided mode with a complex effective index) of the semiconductor-clad waveguide. Surprisingly, it was necessary to wait until 2005 to find a practical sensor configuration where LMRs are tracked as a function of wavelength [14] . Since that moment, a great number of works have been published, including the Kretschmann configuration setup [15, 16] and a fiber-optic-based one [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] (see Fig. 1(a) ), which has given rise to the necessity of presenting this topic to a broad scientific audience.
Waveguide modes can be classified as guided, leaky, and radiated [29] . Though some authors use the term guided-mode resonance for the phenomenon explained in this review [30] , in view of the fact that a lossy mode is a specific type of guided mode, the term lossy-mode resonance has become popular in recent years [17, [31] [32] [33] [34] . That is why this term will be used henceforth.
In this review, we will discuss the conditions for generation and optimization of the LMR sensors, and we will show the main applications developed during recent years.
BASIC CONCEPTS IN LOSSY-MODE RESONANCES
SPRs and LMRs can be observed in two similar structures: a thin-film-coated optical prism or a thin-film-coated optical fiber (see Fig. 1a ). The optical spectrum position of the SPRs and LMRs depends on the external refractive index, and both phenomena can be used for the fabrication of highly sensitive refractometric sensors. In fact, the similarity in shape of LMRs and SPRs in the optical spectrum has led in some cases to false recognition of an SPR [35] [36] [37] .
The first step in order to obtain an LMR is to choose an adequate material for the thin film. The conditions are very different from SPR generation. SPRs are obtained when the real part of the thin-film permittivity is negative and higher in magnitude than both its own imaginary part and the permittivity of the material surrounding the thin film, whereas LMRs occur when the real 5 part of the thin-film permittivity is positive and higher in magnitude than both its own imaginary part and the material surrounding the thin film [30] .
According to this, the expressions for SPR and LMR generation as function of permittivity (
) and refractive index (n is the real part and k the imaginary part) are presented in Fig. 1(b) under the assumption of a substrate refractive index of 1.45 (with small variations, this is the value of silica in a broad range of the optical spectrum [38] ) with a surrounding medium refractive index of 1 (air) [39] .
Also in Fig. 1(b) a map is plotted containing the regions where LMRs and SPRs can be obtained.
As long as the real part of the thin-film permittivity is positive and the absorption coefficient (k)
is low, many materials except pure metals (typical of SPRs) can induce LMRs. For instance, several contributions using metal oxides [17] [18] [19] [20] [21] [22] [23] [40] [41] [42] [43] [44] [45] [46] , polymer coatings [42, [47] [48] [49] [50] , twolayer-coated structures combining both materials [22] , or even immunosensors consisting of multilayers of polymers and antibodies [51, 52] have successfully produced LMRs so far.
It is important to consider here that there are hybrid materials (e.g., indium tin oxide, ITO), which satisfy the conditions for LMR generation at certain wavelengths and the conditions for SPR generation at others [15, 17, 18] . Precisely with ITO, a material that permits the generation of both LMRs and SPRs, it has been observed that the optimum angle for exciting LMRs and SPRs differs (see Fig. 2 (a)) [15] . This optimum angle is based on the influence of two parameters:
refractive index and thickness. However, in the setup [15] the same thickness has been analyzed both for LMR generation at shorter wavelengths and for SPR generation at longer wavelengths.
The result has been that the LMR is excited only at angles approaching 90º, whereas the SPR can be obtained at angles approaching 90º, but in a not optimal way. At 60º a much better resonance is attained. In fact this last question agrees with other works where the best angle range for SPR excitation is 40-75º [53, 54] , whereas for LMRs the optimum angles approach 90º [55, 56] . Even though it is possible to move away from 90º by modifying the refractive index (increasing the imaginary part) or changing the thickness, it is easier to obtain the LMR for angles approaching 90º [55] . That is why the simplest and most effective structure for LMR generation consists of the optical fiber configuration, where the incident angles approach 90º (see Fig. 1(a) ).
As an example of optical fiber configuration, several transmission spectra from a claddingremoved multimode fiber coated with different materials are presented in Fig. 2(b) . It is 6 important to highlight that, contrary to surface plasmon polariton, LMRs are induced because a mode guided in the optical fiber experiences a transition to guidance in the thin film with losses.
In Fig. 2(b) , the real part of the effective index of mode EH1,9 starts to increase more than the rest of modes at wavelength 850 nm, where the transmission through the optical fiber is lower (maximum LMR depth) until it exceeds the refractive index of the optical fiber (silica). This indicates that the mode is guided by the thin film of a higher refractive index than the silica substrate. The same occurs for HE1,11 mode, which induces the resonance located at 700 nm [57] .
The coating thickness in all the spectra of overcome those of the resonance region, and the optical spectrum is flat. Therefore, the first conclusion is that an adequate imaginary part, neither too high nor too low, must be selected, which permits one to obtain a narrow resonance. It is also important to note that for a purely real refractive index, the increase in length leads to the generation of more fringes in the spectrum (plot e in Fig. 2(b) ), confirming the interferometric nature of this phenomenon, whereas for a refractive index with an imaginary part 0.01, the increase in length amplifies the depth of the resonance while maintaining the shape of the resonance (plot f). This indicates that LMR it is not an interferometric phenomenon.
Besides the imaginary part of the thin-film refractive index, three other parameters must also be considered for a complete optimization of the sensor: the real part of the refractive index, the thin-film thickness, and the surrounding-medium refractive index (SRMI) [42] . In other words, LMR devices can be sensitive to the refractive index and thickness of the thin film and to the surrounding-medium refractive index as well. This makes possible multiple configurations for sensing: a thin film that changes its thickness (swells) depending on a parameter, a thin film that changes its refractive index depending on the target, or a refractometric device that is sensitive to the surrounding refractive index. Moreover, it is possible to deposit a thin film for the generation of LMRs and a second overlay that acts as the sensitive coating [22, 25] .
As a general rule, the thin-film refractive index and thickness, and SRMI must be increased in order to obtain a higher sensitivity [42] . However, there is a limitation. The detection method is based on tracking the central wavelength of the LMR. Since the LMR peak is progressively redshifted as a function of the refractive index and the thickness of the thin film, there is a moment when the LMR can no longer be monitored due to the limited spectral range of the spectrum analyzer. The solution is to follow the second LMR, which is obtained when a second mode is guided in the thin film, then the third LMR, which corresponds to the third mode guided in the thin film, and so on. This strategy would broaden the measurement range, but, as a counterpart, the second mode transition is less abrupt than the first one (less sensitive), the third transition is less abrupt than the second one, and so on. As an example, the transmitted power as a function of coating thickness and wavelength is shown in Fig. 3 for materials with different refractive indices: TiO2/PSS and PAH/PAA, with 1.92 to 2.11 and 1.5 to 1.47, respectively, in the wavelength range analyzed. In both cases, the sensitivity (wavelength shift vs increase in thickness) is higher for the first LMR. However, if the first LMR obtained with both materials is compared, the sensitivity with TiO2/PSS is higher. Consequently, the basic rule is to track the first LMR for the highest real part of the refractive index. The thickness can be used to set the LMR at the desired wavelength position. In video S1 the experimental and theoretical evolution of LMRs in the PAH/PAA-coated cladding removed multimode fiber (CRMF) as a function of coating thickness is shown.
Another rule [42] is to increase the SMRI, but the former parameter is usually fixed by the application (e.g., in biological or chemical applications, the medium is water: 1.33).
Consequently, the key parameter is the real part of the refractive index thin film.
REDUCING THE SPECTRAL WIDTH OF LOSSY-MODE RESONANCES
As was been observed in the previous section, the adequate selection of the imaginary part of the thin-film refractive index permits one to reduce the spectral width of the LMR (see Fig. 2 ).
However, by following the rule of tracking the first LMR for a higher sensitivity, this LMR presents a higher spectral width than the rest of the LMRs [58] . As an example, for the PAH/PAA-coated CRMF (see Fig. 3 ), the first LMR obtained with a thickness of 750 nm presented a higher spectral width than the second LMR obtained with a thickness of 1200 nm.
Consequently, the figure of merit, expressed as the ratio between the sensitivity to surrounding refractive index (SRI) and the full-width at half maximum (FWHM), was only 8 [58] . This value is one-tenth of that obtained with SPRs [59] . 
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In order to solve this issue, optimized optical fiber waveguides can be used: adiabatic tapered single-mode fiber (ATSMF) [52] and D-shaped fiber [44] . Regarding the ATSMF structure, it is important to indicate that light is transmitted in the waist of the tapered fiber through a single mode, whereas in a CRMF structure, light is transmitted through multiple modes. Consequently, LMRs in a CRMF structure are due to the attenuation of each of the substrate modes (modes guided through the optical fiber) when one of these modes starts to be guided in the thin film [55] . The maximum attenuation of each of the modes guided in the substrate occurs at different wavelengths and, as a result, the spectral width is higher than in an ATSMF structure, where a single coupling takes place. As a result, a two-fold spectral width reduction can be obtained [52] (see Fig. 4(a) ).
A second way of reducing the spectral width is by using a D-shaped fiber, which also shows a single coupling of light from the core of the optical fiber to the thin film. This structure has an additional advantage, which is related to the guidance of modes in the thin film in pairs.
For thin films with a refractive index that does not exceed the substrate refractive index by a large amount (see Fig. 4(c) ), each pair of modes is guided in the thin film at a similar wavelength. Hence, the LMR obtained is actually a combination of two different resonances that correspond to the two types of lossy modes guided in the thin film.
Most studies have been based on CRMF structures, where the cross-section shows a cylindrical geometry [17, 19, 42, 47] . Consequently, the two types of modes guided are hybrid (HE and EH) modes. On the other hand, the D-shape fiber uses a thin film whose cross-section is rectangular [44] . As a result, the modes guided in the thin film can be either transverse electric (TE) or transverse magnetic (TM). In order to avoid confusion, the two LMRs will be considered in all cases as LMRTE and LMRTM.
The superposition of both resonances leads to a spectral width increase, which can be avoided by increasing the refractive index of the thin film, which permits one to guide the modes at quite separated wavelengths and to distinguish LMRTE from LMRTM (see Fig. 4(d) ). D-shaped fiber can help to solve this uncertainty. Due to its nonuniform azimuthal index variation, the spectral transmission for TE or TM polarized light is different [44] [45] [46] . Consequently, it is possible to separate the LMRTE and LMRTM bands by exciting the optical fiber with TE or TM polarized light. Thanks to this property, the spectral width of a D-shaped fiber is even lower than that of an ATSMF. In Fig. 4(b) , a fourfold improvement is observed if we compare the 30 nm spectral width of the D-shaped fiber and the 125 nm spectral width of the ATSMF. 
REFRACTIVE INDEX-SENSING APPLICATIONS
The LMR devices with the highest number of publications is refractometers [14, [17] [18] [19] [20] 23, 26, 27, [40] [41] [42] 61, 62] . This is because the refractive index response is a simple indicator of how sensitive the device will be to chemical and biological species [6] , which is one of the most important research fields of optical fiber sensors nowadays.
Metallic oxides and polymers are among the materials that permit the generation of LMRs. The first group is more adequate than the second because the material refractive index is typically higher and, as was indicated above, a higher refractive index in the thin film leads to a higher sensitivity [42] . Even so, it is surprising that there are no experimental works on LMRs based refractometers with a polymer coating. The reason is that refractometers are typically tested with oil or glycerol solutions, which adhere to the rough surface of the polymer, which prevents an adequate characterization. On the other hand, metallic oxides present a much flatter surface, which permits the development of many LMR refractometers based on ITO [17, 18, 20, 23, 26, 40, 41] , indium oxide [18, 21] , TiO2/PSS [19, 42] , and SnO2 [61] coatings. Among these, ITO is the only material that enables the generation of LMRs and SPRs at shorter and higher wavelengths, respectively. Due to ITO's special characteristics, the general rule of increasing the thickness for a higher sensitivity is not applicable when the LMR band approaches the SPR region. In this case, the LMR wavelength shift as a function of the thickness is progressively reduced until it reaches the limit wavelength of the SPR region. This explains why the first LMR exhibits a sensitivity of 2952.6 nm/RIU with a 115 nm coating, whereas a lower sensitivity of 1617.4 nm/RIU is attained with a 220 nm coating [17] .
The limit wavelength, which depends on the refractive index dispersion, can be controlled with the thin-film fabrication conditions [56] . For instance, with DC sputtering and a post-annealing it has been possible to obtain ITO-coated LMR-based sensors with a limit wavelength of 800 nm [40] , whereas with dip coating technique this value is shifted to 1400 nm [17] .
The rest of the materials satisfy the conditions for LMR generation in the entire optical spectrum (typically 400-1500 nm) and follow the rules indicated by Del Villar [42] . Consequently, the sensitivity increases linearly as a function of the thickness. TiO2, with a refractive index of 1.97-1.74 in the wavelength range 400-1700 nm, permits one to obtain a sensitivity of 2872 nm/RIU in the refractive index range of 1.321 (water) to 1.43 (close to silica index) [19] . Indium oxide, with a refractive index of 2.09-1.84 in the wavelength range 400-1700 nm, permits one to obtain 14 a sensitivity of 4068 nm/RIU [18, 21] . SnO2, with higher refractive index than TiO2, and indium oxide, permits one to obtain a sensitivity of 5390 nm/RIU [61] . Moreover, with Al2O3 and a ATSMF structure it has been possible to attain 6008 nm/RIU [63] .
As an example of the performance of refractometers, in Fig. 5(a) the central wavelength of the LMR in a SnO2-coated CRMF is progressively shifted to the red as a function of the refractive index. The device can also be used as a visible light optical filter, and the refractive index can be interpreted by the color of the output light (see the photograph in Fig. 5(a) ).
In Fig. 5(b) , another refractometer with a TiO2 coating is shown. Several resonances can be tracked with increasing sensitivity for lower-order LMRs [19] . The previous refractometers were fabricated with a single coating. However, there are some theoretical works where two coatings are used with the aim of optimizing the sensitivity. A first possibility is the combination of ITO and TiO2 [32] , which permits a twofold increase in sensitivity compared to the results obtained with a single ITO layer. Another promising idea is to include a low refractive index matching layer in between the substrate and an ITO coating. This permits one to obtain a sensitivity of 4652 nm/RIU, a fourfold increase compared to the same device without the index matching layer [33] , and resembles the setup used for enhancing the sensitivity in SPR-based sensors [64] . Consequently, the path toward multilayer structures has been opened, and this could lead to an enhancement of the performance and the quality of LMRbased sensors.
In the meantime, even with a single coating, it has been possible to attain record sensitivities with the D-shaped fiber configuration. This is possible because the sharp resonances obtained with this structure can be tracked at long wavelengths, where the sensitivity is higher. With a silicon coating, a sensitivity of 5700 nm/RIU in the range of 1.33-1.38 was obtained [14] , whereas with a ZnO coating, a sensitivity of 3000-6700 nm/RIU in the range of 1.33-1.4 was attained [27] . With ITO it has been possible to obtain 6009 nm/RIU in the refractive index range of 1.365-1.38 [44] and 19 351 nm/RIU in the 1.415-1.423 region [65] .
Finally, according to the rules indicated by Del Villar [42] , a material with higher refractive index than ITO has been deposited: SnO2. This permitted one to obtain a sensitivity of 14 510
nm/RIU in the water region (refractive index: 1.33) [66] , a value that approaches the best optical sensors (i.e., long-period fiber gratings, where 20 000 nm/RIU has been obtained in the water region [67] , and SPR sensors, with 57 000 nm/RIU obtained in water [64] ). However, the most interesting point is that also with the D-shaped it has been possible to attain 304 360 nm/RIU in the silica refractive index region [66] . With reversed symmetric waveguides, where the substrate material is changed [68] , this value could be obtained in the water region. The only requirement is to use an optical fiber with a refractive index similar to water.
ENVIRONMENTAL PARAMETERS AND CHEMICAL AND BIOLOGICAL SENSING APPLICATIONS
In this section, other applications will be presented. It is important to distinguish two cases: those where the sensor is immersed in a liquid and those where it is not. The latter refers to a refractive index working point of 1 (air), whereas the former, with small variations depending on the type of liquid, refers to a working point of 1.33. This is the reason why it is important to characterize the sensor as a function of the refractive index, as was shown in the previous section.
Regarding sensors working in air conditions, there are several possibilities. The traditional domains of application of optical sensors, before thin-film-based applications started, are temperature, strain, and pressure [69] . Temperature has only been studied theoretically with LMR-based sensors [70] , because it is very difficult to overcome electronic temperature sensors, a technology that, without the need of a thin film, is simpler and effective. However, other 16 applications are more challenging. The first one is the detection of gases. In 1995 it was possible to detect n-heptane and iso-octane vapors with the polyimide thin film bexafluoro-isopropylidene-2,2'-bis[phthalic anhydride]-hexaituoro-iso-propylidene-2,2'-bis[4-amino benzene]
(HFDA-HFDAM44), whereas the next year the same material was used for detection of 14%-20% methanol atmosphere, 15%-30% ethanol atmosphere, and 30%-60% isopropanol atmosphere [11, 12] . Later on, in 2010, ammonia with a ZnO thin film deposited on a D-shaped fiber was detected [28] . In addition to this, in 2012 it was possible to detect, with a thin film including an organic-metallic compound with chemical structure ,
vapors from ethanol, methanol, and isopropanol, with sensitivities of 0.067, 0.131, and 0.074 nm/ppm, respectively [71] . In 2013 a better performance was obtained with another organometallic compound , which permits one to attain sensitivities 0.417, 0520, and 263 nm/ppm, respectively, for vapors from the same liquids [72] (see Fig. 6(a) , the response to ethanol).
Humidity sensors are another type of detector that can be included in the group of sensors that work at refractive index 1. Except for a thin film of water that is created on the surface of the thin film, the surrounding medium is air. The first study, published in 1988, was based on polyimide PI2566 (2,2′bis(3,4-dicarboxyphenyl) hexafluoroisopropylidene dianhydride + 4,4′ oxydianiline), where intensity fluctuations were induced when changing the atmosphere humidity [10] .
Two more studies were published in 2010 [22, 25] . It is important to indicate that, contrary to sensors for the detection of gases, a double coating was deposited on a CRMF structure. The first layer of ITO was used to generate the LMR, whereas the second layer was a highly hydrophilic material (a hydrogel), which under changing humidity conditions experienced a variation in its
properties. This caused a wavelength shift of the LMR. One of the materials used for the second thin film was agarose, which permitted one to obtain a sensitivity of 0.75 nm per percentage of relative humidity (nm/RH%) [25] . The other article used the same structure, but the second thin film was a polymer (PAH/PAA) deposited with the layer-by-layer (LbL) technique [22] . One of the sensors had 20 bilayers deposited and the other one 100 bilayers. The sensor with the higher number of bilayers (higher thickness) showed a higher sensitivity of 5.4 nm/RH% (see Fig. 6 (b)) compared to the 1.2 nm/RH% obtained for the sensor with a lower number of bilayers. However, the advantage of the latter sensor was that, due to its lower thickness, the response time was reduced. In a latter study, the performance of two relative humidity sensors working at the first and the second LMR was also analyzed. As expected, the most sensitive device was the sensor where the first LMR was tracked [48] . Finally, some interesting studies have been published on the possibility of embedding silver nanoparticles in a PAH/PAA matrix. This permits one to obtain both LMRs and the localized surface plasmon resonance (LSPR) [73, 74] . The highest sensitivity attained was 1 nm/RH%; human breath can also be tracked due to the fast response to humidity-less than 0.5 seconds [73] .
Another interesting application is the detection of voltage. Again, a multilayer strategy was used.
A high sensitivity of 0.4 nm/V was attained by using a multilayer coating composed of a PVdF layer embedded in two ITO layers acting as electrodes [75] (see Fig. 6(c) ). The first ITO layer generated the LMR and the external voltage induced a modification of the PVdF layer refractive index, which induced a wavelength shift of the LMR. This device can be used as a tunable optical filter of for sensing in high voltage lines.
With respect to sensors working in liquid, the first pH sensor was obtained with a mutilayer PAH/PAA thin film [26] . The principle in operation is that PAH and PAA are two weak polyelectrolytes whose degree of ionization changes as a function of pH. Consequently, the bilayer thickness changes from very thin bilayers, if both polymers are fully ionized, to thick bilayers, if the degree of ionization of one of the polymers is reduced [76] . Since the central wavelength of the LMR depends on the coating thickness [17, 42] , there is a wavelength shift as a function of pH. A sensitivity of 17.5 nm per pH unit is attained in the pH range 5-7 [26] .
In an additional study, the sensitivity of two sensors coated with 25 or 100 bilayers of PAH/PAA was analyzed. A higher sensitivity was obtained with a lower coating thickness (37 nm per pH unit, see Fig. 6d ) compared to that reached with a higher coating thickness (25 nm per pH unit) [47] . This is because the first LMR was tracked for 25 bilayers, whereas the second resonance was monitored for 100 bilayers. Actually, the difference should be higher, but there is another phenomenon that counteracted: the swelling and deswelling of the PAH/PAA structure was higher as the thickness of this film increased. Finally, another sensor with PAH/PAA coating but with a single mode-tapered optical fiber was successfully proved [50] . The reduction of the LMR spectral width allowed one to distinguish, for specific pH values, the LMRTE and the LMRTM bands due to the two mode transitions that occurred.
Regarding the time response of the sensors, those devices with lower number of bilayers, 25 or 30, presented time responses of 30 seconds and 60 seconds, respectively [26, 47, 50] , whereas for those with 100 bilayers, more than six hours of recovery time was required in some cases [41] .
The possibility of detecting the concentration of chemical species has been successfully proved [34] , when a ZnO coating was set on a CRMF, leading to the generation of LMRs that allowed the detection of H2S. In that work, the results were compared with those obtained with an SPR induced with combination of a silver coating and ZnO. The main conclusion is that the LMR phenomenon overcame the SPR in this analysis: 0.65 nm/ppm was obtained with an LMR whereas 0.2 nm/ppm was obtained with an SPR. In another study, sensitivity to hydrogen gas (H2) was studied with three different types of coatings: a single ITO thin film, a single ITO nanoparticle-based layer, and an ITO thin film plus an ITO nanoparticle layer. The best option was the last one, which improved the other two configurations by a factor of 3 and 1.5 [77] .
The path to biosensors has also been opened with the detection of immunoglobulin G 28 . More recently it has been possible to detect antigliadin antibodies, an indicator of the presence of celiac disease, in a concentration of 5 ppm [52] (see Fig. 6 (f)), which is lower than the range of medical diagnosis (8-10 ppm) [78] .
Finally, another interesting sensing technology, aptasensors, has been proved successful for thrombin detection [79] and sepsis diagnosis [80] . 
CONCLUSIONS AND OUTLOOK TO THE FUTURE
Lossy-mode resonance-based sensors is still a young research field, but it must be underlined that during the last five years more than 50 studies have been published in different journals.
This indicates that it could become a competitor of other traditional optical sensing platforms such as SPRs, long-period fiber gratings, or microring resonators.
We have discussed the principle in operation and the main characteristics of these devices. A lossy mode is guided in a thin film deposited on an optical structure, and a reorganization of the modes guided in the substrate takes place. Consequently, the imaginary part of the substrate modes increases and hence the propagation losses increase. This leads to the generation of an attenuation band in the optical spectrum.
LMRs can be excited with both TE and TM polarized light, and multiple resonance peaks can be obtained in the optical spectrum. Moreover, the position of the LMR in the optical spectrum can be tuned by varying the coating thickness.
The design rules for optimized devices were established for devices coated with a single thin film: increasing the refractive index and thickness of the thin film and the surrounding medium refractive index (SRMI), provided the first LMR is tracked. Since the SRMI is typically limited by the application and since the thickness is used to control the position of the LMR in the optical spectrum, the best choice is to increase the thin-film refractive index. So far, the best results with cladding-removed multimode fiber have been obtained with SnO2 coatings.
However, there are new designs with two layers that permit increasing the sensitivity of single thin-film-based devices. This opens new paths to the optimization of the sensitivity of these devices.
Different optical structures have also been compared, and it has been proved that the selection of the structure permits one to reduce the LMR spectral width, which is interesting in order to increase the sensor resolution. The tapered single mode fiber configuration permits one to improve the performance, but the best choice so far is the D-shaped fiber.
Currently, the most active research field in LMRs consists of refractometer characterization, because obtaining a good refractometer is the basis for development of the subsequent chemical and biological sensors. However, LMR-based devices are not limited to these fields. They can be used for gas, humidity, and voltage sensing. Even aptasensors based on LMRs have been designed successfully. In view of the success obtained by LMR-based devices in such a short period and in important domains, such as the biosensors market, the LMR platform, with its continuous sensitivity improvement during recent years, is an ideal candidate platform for the development of the sensors of the future.
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